Abstract The Ponseti method has become the gold standard of care for the treatment of congenital club foot. Despite numerous articles in MEDLINE reporting results from around the globe there are still crucial details of the Ponseti method which seem to be less commonly known or considered. The Ponseti method is not only a detailed method of manipulation and casting but also of preventing and treating relapse. Recommendations on how to correct complex club foot have resulted in an almost 100 % initial correction rate. The foot abduction brace is crucial for preventing relapse and is still a challenge for families and sometimes doctors alike. Experience and knowledge on how to support the parents, how to set and apply the brace in the best possible way and how to solve problems that can be encountered during the bracing period are essential to ensure compliance. Regular follow-up visits are necessary to be able to detect early signs of recurrence and prevent full relapse by enforcing abduction bracing, recasting or performing tibialis anterior tendon transfer. Recent midterm outcome studies have shown that by following the Ponseti treatment regime in all aspects it is possible to prevent open joint surgery in almost all cases. The body of literature of the last decade has evaluated many steps and aspects of the Ponseti method and gives valuable answers to questions encountered in daily practice. This review of the current literature and recommendations on the different aspects of the Ponseti method aims to promote understanding of the treatment regime and its' details.
Introduction
Treatment of congenital club foot has changed radically with the introduction of the Ponseti method in most paediatric orthopaedic centres worldwide during the last ten to 15 years. Ponseti first described his treatment regime including abduction bracing and tibialis anterior tendon transfer for the treatment of relapse in 1963 [1] and published a further detailed description in 1972 [2] . All recommendations are still valid today and only minor adjustments have been made over the decades by Ponseti and his colleagues. The superior results of his method were reported by Ponseti and his colleagues in different long-term studies [3] [4] [5] [6] .
Forty-seven years after Ponseti's first article on his method [1] an analysis of data from the Centers for Disease Control and Prevention and the Nationwide Inpatient Sample in the USA revealed that the estimated number of surgical releases performed in patients less than 12 months of age decreased from 1,641 releases in 1996 to 230 releases in 2006 with the percentage of club feet treated with surgical release dropping from 72 % in 1996 to 12 % in 2006 [7] . Members of the Pediatric Orthopaedic Society of North America (POSNA) were surveyed and 96.7 % stated that they use the Ponseti treatment method as their current treatment of idiopathic club foot [8] .
But not only in the USA has the Ponseti method become established but also in Europe and other parts of the world with early reports on superior initial results from many different centres [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . A review performed in 2011 showed that there is clear evidence that the Ponseti method is the most successful treatment regime for congenital club foot available and reported an initial correction rate of around 90 % in most studies [20] . The Ponseti method is described in many books and literature and a search for the keyword "Ponseti with club foot" generates 278 articles starting from 1972. Nevertheless, in the literature as well as in routine clinical practice when evaluating cases from different centres and in teaching in courses and workshops it seems that crucial details of the treatment regime are less commonly known, considered or understood. A review of the current literature on the different aspects of the Ponseti method aims to promote understanding of the treatment regime and the rationales for the many detailed recommendations.
Manipulation and casting
The method of manipulation and casting has been described by Ponseti in great detail [1, 2] and he published a manuscript on common errors which he observed when his method was applied by others [21] . Short and gentle manipulation has been recommended before casting which is important to stretch the structures and additionally to get a feeling for the flexibility of the foot and the amount of correction which can be achieved with the cast. Serial casting is performed with above the knee casts as short leg casts cannot hold the abduction and would frequently slip off. In the first cast the first metatarsal must be raised which means supinating the forefoot to align the forefoot with the hindfoot and to decrease cavus. The foot should never be pronated. In the following casts a pure abduction with counter pressure on the neck of the talus is performed. Thereby the talus is stabilised and cannot rotate in the ankle mortise, while the rest of the foot is abducted underneath it. The calcaneus must not be touched as this might block the motion of the calcaneus which must be free to swing out from underneath the talus and thereby abducts, everts and dorsiflexes. Active dorsiflexion must not be performed before the subtalar joint is fully corrected and/or until after tenotomy.
A common error is that the counter pressure is not perfectly on the talus. The talus is very small in the infant foot and is more anterior and superior than commonly expected. When the counter pressure is applied too low or on too big an area the calcaneus is blocked and cannot swing out from underneath the talus. If this happens the abducting force acts on the Chopart and Lisfranc joints, abduction occurs in the midfoot and a lateral crease may develop. This should be regarded as a red flag in Ponseti casting.
With the counter pressure on the talus the foot must be abducted to 60-70°as only this manoeuvre results in full correction of the subtalar joint and sufficient stretching of the medial structures. Ponseti recommended a thin cast with only little padding which should be very well moulded onto the foot. Additionally, the crease above the heel must be well moulded to prevent slipping of the cast. Slipping of the cast has been recognised to be a major factor in the development of complex club foot [22] . Slipping of the cast is most dangerous in the second and/or third casts, especially in cases with severe equinus and cavus. At this time the foot is in a more or less straight line with the calf and can retract easily. To prevent slipping the heel must be well moulded, the cast must reach high enough to the groin with the knee in at least 90°of flexion and with the cast moulded well around and behind the knee.
To correct a complex club foot which may be a result of improper casting or due to the non-idiopathic nature of the foot Ponseti has proposed a modification of his technique of casting and manipulation [22] . Very gentle abduction is performed while the thumb applies counter pressure over the lateral aspect of the head of the talus with the index finger of the same hand over the posterior aspect of the lateral malleolus. This index finger can feel the motion of the calcaneus during abduction and abduction should be stopped as soon as the calcaneus stops abducting. The foot might not be hyper-abducted as this again leads to abduction in the midfoot and a lateral crease, as the hindfoot is so contracted that the calcaneus cannot follow the abduction. Correcting the hyperflexion of the metatarsals and rigid equinus was recommended to be performed simultaneously by grasping the foot by the ankle with both hands while the thumbs under the metatarsals push the foot into dorsiflexion as an assistant stabilises the knee in flexion. The knee should be fixed in up to 110°of flexion in these cases to further minimise the risk of the cast slipping. A tenotomy should be performed early with about 30-40°of abduction and foot abduction bracing should be started in the same abduction as achieved in the last cast.
In all cases cast removal should only be performed just before a new cast is applied as it has been shown that removing the cast the night before results in a higher number of casts being necessary for correction [23] .
Cast changes are typically done once a week but accelerated protocols have been reported. Morcuende et al. described similar results with cast changes every five days [5] . Another study group reported cast changes three times per week and again found similar results compared to a standard weekly cast change group [24] .
Nevertheless, intervals that are too short between cast changes might not be preferable. Pirani et al. [25] showed that Ponseti casting resulted in correction of the abnormal shapes of the individual tarsal osteochondral anlagen and suggested these changes to be a result of the changes in growth resulting from the changes in mechanical loading of fast-growing tissues. This would suggest that the tissue might need some time in the corrected position in the cast to be able to adapt through this growth and change [25] . One could speculate if the age of the patient at the time of casting might make a difference in the ability and speed of adaption.
Alves et al. reported on the influence of age at the beginning of treatment on the correction with one treatment group being over and a second under six months of age [26] . They did not find any difference regarding number of casts, tenotomies, success in terms of rate of initial correction, rate of recurrence and rate of tibialis anterior tendon transfer.
Others suggested that casting should be postponed until after the first four weeks of life or until the foot reaches a length of at least 8 cm to make casting easier [27] . Nevertheless, there seems to be a consensus that treatment for club foot should start not later than within the first month of life [28] . The mother should be well enough to travel and come for the regular cast changes. In premature babies it was recommended not to start treatment in the neonatal intensive care unit and to defer treatment for several weeks [28] until the infant has stabilised and the foot has grown.
To monitor the treatment progress and to help in finding the right time for the percutaneous Achilles tenotomy as well as for scoring the foot at presentation the Pirani score has been introduced with very good interobserver reliability and ease of use [29] [30] [31] . Although a study found only a low correlation of the score at presentation with the number of Ponseti casts required for correction [32] significant correlation was reported between initial severity of the foot and outcomes [33, 34] .
Percutaneous Achilles tenotomy
Percutaneous Achilles tenotomy (pAT) is one of the major components of the Ponseti method and was originally reported to be necessary to complete correction in 79 % [1] , with many series reporting a rate between 80 and 90 % [5, 9] . Ponseti recommended performing pAT under local anaesthesia [3] . One study reported pAT under local anaesthesia as an office procedure to be safe and effective [35] . The tenotomies in this patient series were performed at a mean age of 9.5 weeks (range four to 12 weeks) and the authors pointed out that performance of incomplete tenotomy in the more hectic environment of the outpatient clinic might be a substantial problem. Bor et al. reported a light sedation protocol offering a safe alternative to general anaesthesia and recommended it be used when treating older infants who might struggle while under local anaesthesia [36] . A different study group found propofol sedation without the need for airway instrumentation to be safe and effective [37] . Yet another study looked at general anaesthesia for 182 tenotomies in 89 patients under three months of age [38] . Only three patients were admitted overnight because of a maternal history of drug abuse with all other patients having been discharged on the day of surgery. No complications related to anaesthesia were identified [38] .
It seems that pAT can be safely performed under different anaesthesia protocols with the choice being mostly dependent on the setting and experience of the anaesthesiologists and the surgeon. General anaesthesia should only be performed with the ability for proper monitoring, and Parada et al. recommended post-operative monitoring for at least four hours in infants less than 44 weeks post-conceptual age (PCA) at time of surgery or with a history of gestational age (GA) less than 37 weeks [38] .
One of the crucial steps of the Ponseti method is the timing of tenotomy. Ponseti recommended tenotomy after the foot had been adducted to at least 60°and when there was less than 15-20°of dorsiflexion [21] . Abduction to 60°is necessary for the calcaneus to be able to swing out completely from underneath the talus which corrects subtalar malalignment. Attempts to correct the equinus before the heel varus and foot supination are corrected will result in a rocker bottom deformity [21] . If the pAT is performed before 60-70°of abduction and before correction of the subtalar alignment the hindfoot will most likely stay uncorrected. It was shown in a radiographic study that the anteroposterior and lateral talocalcaneal angles, which describe the subtalar derotation between the talus and the calcaneus, are not influenced by the tenotomy [39] and must be corrected before pAT. The foot must be palpated to assess the correction before tenotomy. The talar head must be covered, the heel should be in slight valgus and it should be possible to abduct the foot to 60°. Due to the risk of pseudocorrection, describing mild midfoot rockering with false dorsiflexion in the midfoot, a lateral maximum dorsiflexion view radiograph has been recommended in cases where pAT is believed not to be necessary [39] . Sufficient correction before pAT can also be assessed using the Pirani score. When the midfoot score (MFS) reaches values below 1 and the hindfoot score (HFS) is still above 1 tenotomy can be indicated [30] .
The technique for pAT has been described in detail, mostly in papers reporting complications of pAT [40, 41] . Dobbs et al. reported on four patients out of 200 feet (2 %) having a serious bleeding complication following pAT with bleeding presumably due to injuries to the peroneal vessels [40] . Another paper reported development of a pseudoaneurysm in one patient after undergoing pAT at the age of eight weeks [41] , and damage to the neurovascular bundle necessitating open exploration, ligation of the artery and primary repair of the nerve was reported in one case in another study [42] . In daily practice the correct level of the pAT seems important. The tenotomy should neither be performed too high, as this may result in incomplete tenotomy due to fanning of the tendon, nor too low, as this would increase the risk of cutting the cartilage anlage. Careful palpation of the tendon and marking of the insertion site of the blade with the gloved fingernail can be performed. Completion of the tenotomy is usually confirmed by a gentle pop of the cut tendon, by sudden increase of dorsiflexion or by palpation of the gap. However, even with the gap being palpable, parts of the tendon might still be intact. Care should be taken never to start cutting too medial and too close to the posterior tibial vessels and nerve and not to go too lateral with the tip of the blade to prevent injury to the peroneal vessels.
The post tenotomy cast should be moulded in maximum abduction and dorsiflexion to achieve good correction. Failure to dorsiflex the foot in the cast after tenotomy may result in insufficient dorsiflexion after cast removal. However, care should be taken not to perform too vigorous or forceful dorsiflexion as not to damage the talar dome.
Multiple studies have demonstrated the phases of healing of the tendon after tenotomy with a continuity of the tendon in all cases after three weeks [43] [44] [45] . It has been shown that leg muscular atrophy is a primary component of club foot already present in the early stages of fetal club foot development before treatment or tenotomy of the Achilles tendon [46] .
Bracing
In Ponseti's first case series he described the use of the foot abduction orthosis (FAO) after 3 months of full time bracing for an additional mean duration of 21 months (ranging from ten to 30 months) with a recurrence found in 56 % of cases [1] . Due to the high rate of recurrence in this first series he recommended the FAO to be used at night for at least five or six years in his second paper on club foot treatment [2] . Noncompliance has been recognised as a significant risk factor for the recurrence of club foot after correction with the Ponseti method with the parental educational level being an important factor [47] . Since abduction bracing is one of the most important factors for long-term outcome and since compliance with the FAO seems to depend on the type of brace, various studies have evaluated different braces and protocols. Attempts were made to improve compliance by improving acceptance of the brace by the child. The first flexible brace which had a flexible bar between the shoes was introduced by Kessler [48] . Garg and Porter reported on a dynamic orthosis introduced by M.B. Dobbs [49] . With the use of this dynamic brace they found improved compliance, fewer recurrences, fewer skin complications and reduced rates of surgery compared to traditional braces [49] . Other researchers focused on strategies that might promote adherence to brace treatment, which included educating the family, making encouraging calls and providing written instructions [50] . Additionally they found a strong physician-family partnership to be an important factor in adherence to bracing [50] .
As traditional abduction bracing is based on a bar connecting both feet for bilateral and also for unilateral cases doctors as well as patients wished for unilateral braces. However, it was found that recurrence rates in patients using unilateral ankle foot orthoses were higher compared to those reported by others using FAOs after Ponseti treatment [51] . Recurrence requiring additional treatment was found in 83 % of cases (25 of 30 feet) in a group using an ankle foot orthosis versus only in 31 % (12 of 39 ft) in a group using a FAO [52] . There are different kinds of FAO available and while studies found new and more expensive brace designs not necessarily providing better clinical results [53] the newer braces might be easier to use [54] , especially in more severe club foot.
While long-term results are available for the use of nondynamic standard FAO [1] [2] [3] [4] [5] [6] there are no long-term outcome studies available for braces with different biomechanical properties. Recently a surrogate model was introduced to test muscle-tendon tensions in resting and braced positions [55] which might give insight into the biomechanical properties and effects of different brace designs.
Despite all technical aspects the most important factors for bracing and brace compliance seem to be education of the parents on the importance but also on the correct use of the brace. A study on the educational needs for parents of children with club foot identified understanding the process of treatment and problems concerning the bracing portion of treatment to be the two major categories [56] .
However, no study ever looked at the educational need of doctors regarding the correct use of the brace. Frequently parents present with braces being set to the wrong size or position and have never been shown how to use the brace effectively. Foot abduction bracing cannot correct the club foot deformity but only prevent loss of correction. Therefore the prerequisite for bracing is a well-corrected foot with sufficient dorsiflexion. The abduction in the first brace must not be more than in the last cast, which is why in complex club foot the FAO is often started at only 40°of abduction. The brace must be ready quite immediately when the last cast comes off to prevent recurrence even before the first brace is applied. If initial problems with the brace are reported, it is mostly due to failure to put on the shoes correctly, insufficient correction of the foot, the wrong size shoes or not enough instructions given to the caregivers of the child. A follow-up one or two weeks after starting the FAO is necessary to detect and solve early problems. Slipping out of the heel with subsequent loss of correction of the hindfoot, or midfoot instability with rockering, might be due to insufficient dorsiflexion or the wrong brace size or design. Blisters on the heel are usually found with the middle front strap of the brace being too loose or the shoes too big, while bruises on the anterior part of foot are sometimes found if this strap is pulled too tight. A wellfunctioning and well-fitting brace is very important especially in the beginning, to get the infant as well as the parents used to the brace and to create a positive attitude towards bracing. Some mothers fear a negative influence of the brace on the motor and psychological development of their child. They can be assured that only minimal delays in gross motor milestone achievement are found in children with idiopathic club foot treated with the Ponseti method including bracing [57] . Additionally it was shown that foot abduction bracing does not result in pathological changes of the torsion of the femur or tibia [58] .
Limits of the Ponseti method?
In Dr. Ponseti's first series of patients reported in 1963 the oldest patient was six months and he excluded cases treated in other clinics and referred for further correction, patients with arthrogryposis and patients with other syndromic or neurological affection. Since then many papers have looked at the treatment of older children, of patients after failed surgical correction and patients with secondary and syndromic club foot.
Bor et al. reported the results of 36 club feet in 23 patients after failed casting or presenting after three months of age and achieved a correction without open joint surgery in 97 % of the cases (35 of 36 feet) [59] . Lourenço and Morcuende reported on patients with 24 neglected club feet with a mean age of 3.9 years treated with the Ponseti method and found a good correction in 67 % of cases [60] . Equally encouraging results were found by Spiegel et al. who analysed correction using the Ponseti method in 171 patients (260 feet) presenting between the ages of one and six years [61] . While 79 % required pAT to complete correction only 14 % needed open joint surgery.
Additionally to older and neglected club feet, relapses after posteromedial release have been successfully treated with the Ponseti method. Nogueira et al. obtained plantigrade and fully corrected feet in 86 % of cases (71 of 83 feet) which presented with relapse after posteromedial release at a mean age of five years two months (range seven months-14 years) [62] .
The Ponseti method has been applied to non-idiopathic club feet and Boehm et al. reported the first results in 12 patients with 24 club feet with distal arthrogryposis. They achieved initial correction in all feet with two of six feet (8 %) relapsing and requiring open joint surgery. They suggested longer followup to assess the risk of recurrence [63] . Quite similar results were found by van Bosse et al. in the treatment of club foot with arthrogryposis at a minimum follow-up of 13 months (mean 38.5 months). They reported a need for open joint surgery in 10 % (two of 19 feet) which had an initial pAT before casting with 53 % having a second pAT before application of the last cast [64] . Morcuende et al. followed patients with club foot associated with arthrogryposis after correction with the Ponseti method for an average duration of 4.6 years and found that 16 % required open joint surgery in the midterm follow-up [65] .
In club foot associated with myelomeningocele comparable results regarding initial correction were reported. However, a relapse was observed in 68 % (19 of 28 feet) after a mean of 7.1 months mostly treated with reapplication of the Ponseti method [66] . Higher relapse rates in non-idiopathic club foot compared to idiopathic club foot following Ponseti treatment have also been observed by others [67] .
Results of treatment
The longest follow-up outcome studies are available for Dr. Ponseti's case series. Laaveg and Ponseti published the results of 104 club feet after ten to 27 years of follow-up with excellent or good results in 74 % of feet [3] . Cooper and Dietz reported on 71 club feet in 45 patients with a mean age of 34 years treated with the Ponseti method and with 78 % having excellent or good outcome [4] . Midterm follow-up studies from outside of Iowa with minimum follow-up over three years are still rare. In the few studies available open joint surgery was avoided in 91-96 % of all cases with good outcome reported at the last follow-up [68] [69] [70] . Tibialis anterior tendon transfer was performed in about 20 % of feet in these case series [68, 69] . Tibialis anterior tendon transfer is recommended to treat relapse with mostly dynamic supination and adduction. Casting must be performed prior to tibialis anterior tendon transfer in cases with non-flexible deformities. A full transfer to the third cuneiform is recommended [1, 2] paying attention to the structures in the plantar side of the foot [71] . However, relapse may occur even after tibialis anterior tendon transfer. Masrouha and Morcuende reviewed 66 patients with 102 club feet treated by tibialis anterior tendon transfer for club foot relapses after successful initial treatment by the Ponseti method [72] . They found a subsequent relapse after tibialis anterior tendon transfer in 15 % of feet (ten patients with 15 club feet) [72] . The results of the treatment of relapse were evaluated in another study and it was observed that at an average age at final follow-up of 23.3 years (range eight to 50.6 years) 90 % of patients wore regular shoes, 41 % had pain with activities, but only 18 % were limited in function by their feet [73] .
Conclusion
The Ponseti method enables us to correct most club feet with gentle manipulation and casting and pAT. Experience with the Ponseti method and great attention to the details of manipulation and moulding of the cast are necessary to achieve an initial correction rate of over 98 % as reported in the literature [5] . Especially complex club foot can be a challenge and often can only be managed after a significant learning curve. Non-idiopathic club feet can be managed well with the Ponseti method; however, a very close follow-up is recommended as recasting due to relapse is necessary in many cases. Patience is important or required in those cases and a dedication to the method as at certain times neither we nor the parents are thrilled when looking at the prospect of another set of casts. Bracing is the key to long-term success of the Ponseti method and the level of education of the parents on the brace and brace wear directly reflects on the quality and quantity of information we provide. The Ponseti treatment regime as a detailed method of manipulation and casting, preventing and treating relapse is the most successful treatment regime for congenital club foot to date.
